By a fullerene, we mean a trivalent plane graph Γ = (V, E, F ) with only hexagonal and pentagonal faces. It follows easily from Euler's Formula that each fullerene has exactly 12 pentagonal faces. The simplest fullerene is the graph of the dodecahedron with 12 pentagonal faces and no hexagonal faces. It is frequently easier to work with the duals to the fullerenes: geodesic domes, i.e. triangulations of the sphere with vertices of degree 5 and 6. It is in this context that Goldberg[5], Caspar and Klug[1] and Coxeter[2] parameterized the geodesic domes/fullerenes that include the full rotational group of the icosahedron among their symmetries. In this catalog we extend their work by giving a complete parameterization of all fullerenes with ten or more symmetries. In their model, the faces of the icosahedron are filled in with equilateral triangles from the hexagonal tessellation of the plane. In [6] , the author generalized their method to other plane graphs filling in the faces with other polygonal regions from the hexagonal tessellation of the plane. Assigned to each fullerene is a 12-vertex plane graphs with edge and angle labels called its signatures. The fullerene can then be reconstituted from its signature by gluing together the regions from the hexagonal tessellation of the plane corresponding to the faces of its signature. To distinguish between edges in the graph model of a fullerene and the edges of its signature, the latter are referred to as segments. The region corresponding to a face is completely determined by the "Coxeter coordinates" of its segments and the "types" of the angles between segments. In Figure 1 , we have drawn several segments. Referring to that figure the left hand segments have Coxeter coordinates (4, 2) and (1, 5), respectively, and subtend an angle of type 2. The thinner lines show how the Coxeter coordinates are determined. The type of an angle is the number of centers of edges of the central hexagon between the segments. Segments which run through successive centers are assigned a single Coxeter coordinate and contribute 1 2 to each of the angle types on either side. This is illustrated by the isosceles triangle at the right in the figure.
By a fullerene, we mean a trivalent plane graph Γ = (V, E, F ) with only hexagonal and pentagonal faces. It follows easily from Euler's Formula that each fullerene has exactly 12 pentagonal faces. The simplest fullerene is the graph of the dodecahedron with 12 pentagonal faces and no hexagonal faces. It is frequently easier to work with the duals to the fullerenes: geodesic domes, i.e. triangulations of the sphere with vertices of degree 5 and 6. It is in this context that Goldberg [5] , Caspar and Klug [1] and Coxeter [2] parameterized the geodesic domes/fullerenes that include the full rotational group of the icosahedron among their symmetries. In this catalog we extend their work by giving a complete parameterization of all fullerenes with ten or more symmetries. In their model, the faces of the icosahedron are filled in with equilateral triangles from the hexagonal tessellation of the plane. In [6] , the author generalized their method to other plane graphs filling in the faces with other polygonal regions from the hexagonal tessellation of the plane. Assigned to each fullerene is a 12-vertex plane graphs with edge and angle labels called its signatures. The fullerene can then be reconstituted from its signature by gluing together the regions from the hexagonal tessellation of the plane corresponding to the faces of its signature. To distinguish between edges in the graph model of a fullerene and the edges of its signature, the latter are referred to as segments. The region corresponding to a face is completely determined by the "Coxeter coordinates" of its segments and the "types" of the angles between segments. In Figure 1 , we have drawn several segments. Referring to that figure the left hand segments have Coxeter coordinates (4, 2) and (1, 5) , respectively, and subtend an angle of type 2. The thinner lines show how the Coxeter coordinates are determined. The type of an angle is the number of centers of edges of the central hexagon between the segments. Segments which run through successive centers are assigned a single Coxeter coordinate and contribute 1 2 to each of the angle types on either side. This is illustrated by the isosceles triangle at the right in the figure.
One may think of the segments of a signature as the shortest segments joining the centers of pentagonal faces in a spherical representation of a fullerene. Since only the shortest segments necessary to connect all pentagons are included, there are tight restrictions on the polygons in the hexagonal tessellation that can be faces of a signature. For example there are only six types of triangles that can occur. These are pictured in the next figure. We present these triangles with variable Coxeter coordinates. The variables are independent positive integers; any assignment of values to these variables will give a specific triangle. Since we are interested in symmetry, it is useful to consider the symmetries of these triangles. First we note all symmetries preserve angle types and that an orientation preserving symmetry must map each segment onto a segment with the same Coxeter coordinates while orientation reversing symmetry maps each segment onto a segment with reversed Coxeter coordinates. Thus the first two triangles in Figure 2 admit only the reflection through the vertical axis; the second two admit only rotations and each is reflected into the other; the last two admit all six of the symmetries of an equilateral triangle.
Coxeter coordinate codes:
This catalog has a complete listing of all fullerenes with symmetry groups I h ,
. They fall into 112 infinite families; each family is represented by a single entry in the catalog. Below is a typical catalog entry and an explanation of its features. If a fullerene (signature) does not admit a reflection then only one of that fullerene (signature) and its mirror image is included in the catalog. The case by case considerations that lead to this catalog are given in the accompanying paper [7] . There it is proved that every fullerene with ten or more symmetries is listed once and only once in this catalog. Fowler and Manolopoulos [4] showed that there were only 28 fullerene symmetry groups 11 of which are explored here. In the following table we list the groups, using the Schönflies symbols, the group orders, the number of classes with that group and the page where the listings for that group start. A typical catalog entry.
Coordinate codes:
Atoms:
A leapfrog fullerene when r ≡ 0(mod 3) Along the top: D 6h , Schönflies symbol of symmetry group; 20, the order of the symmetry group; P P P P P P P P i this area will be used to identify nanotubes or it will be left blank; G 1 or G 1 (p, r) identifies this 2-parameter family of fullerenes.
The number of hexagonal faces between nearby pentagonal faces is the sum of the Coxeter coordinates of the segment joining them. Parameters that can take on 0 are listed here.
X X X y
The number of atoms as a function of the parameters.
A table of the 7 smallest fullerenes in the family.
The conditions under which the fullerene will be a leapfrog fullerene.
Variables are independent integers; positive, unless indicated nonnegative by ≥ 0.
In Figure 3 , we have drawn the fullerene in this family given by the parameter values p = 1, r = 2, G 1 (1, 2). Eleven of the pentagonal faces are shaded, the twelfth is the outside face. The segments forming the "equator" of this fullerene are indicated by the heavy circle and heavy lines demark the remaining segments bounding two of the triangular faces of the signature, one of each type.
• • ⊲⊳ *
• Figure 3 . 
• (p + r, p)
Atoms:
A leapfrog fullerene when r ≡ 0(mod 3) 
⊲⊳ (p, p)
All are leapfrog fullerenes 
A leapfrog fullerene when r ≡ 0(mod 3) a = 12p 2 + 24pr + 4r 
A leapfrog fullerene when r ≡ 0(mod 3) a = 60p 2 + 36pr + 4r 
A leapfrog fullerene when q ≡ 0 & r ≡ s(mod 3) 
• (r, r + s)
A leapfrog fullerene when s ≡ 0(mod 3) a = 24p 2 + 12r 2 + 4s 2 + 48pr + 24ps + 12rs 
A leapfrog fullerene when r ≡ s ≡ 3(mod 3) a = 4(15p 2 + 5s 2 + 2r 2 + 12pr + 15ps + 6rs) 
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 4(15p 2 + 5s 2 + r 2 + 9pr + 15ps + 5rs) 
Coordinate codes: 
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 4(15p 2 + 5r 2 + s 2 + 15pr + 9ps + 4rs) 
A 
A leapfrog fullerene when r ≡ 0(mod 3)
Nanotube parameter: r
A leapfrog fullerene when r ≡ 0(mod 3) a = 36p 2 + 60pr + 24r 
A leapfrog fullerene when r ≡ 0(mod 3) • (p + r, p) (p + r, p + s) Atoms:
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 12(6p 2 + 2r 2 + s 2 + 6pr + 5ps + 2rs) 
Nanotube parameter: s
A leapfrog fullerene when r ≡ 0(mod 3) a = 12(3p 2 + 2r 2 + 5pr + s(2p + r)) ⋆ (r + s)
• (p, p + r)
A leapfrog fullerene when r ≡ 0(mod 3) (p + r, p + q)
A leapfrog fullerene when q ≡ r ≡ −s(mod 3) (p + r, p)
• (p, p + r + s)
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) • (p, p + r)
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 12(6p 2 + 2r 2 + s 2 + 6pr + 5ps + 3rs) 
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 12(3p 2 + r 2 + s 2 + 4pr + 3ps + 2rs) 
A leapfrog fullerene when r ≡ 0(mod 3) a = 30p 2 + 40pr + 10r 
⊲⊳ (p + r, p + r)
A leapfrog fullerene when r ≡ 0(mod 3) a = 20(3p 2 + 2r 2 + 5pr) 
A leapfrog fullerene when p ≡ q(mod 3) 
A leapfrog fullerene when r ≡ 0(mod 3) a = 60p 2 + 50pr + 10r • (p, p + r)
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 10(6p 2 + 2r 2 + s 2 + 6pr + 5ps + 2rs) 
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 10(3p 2 + 2r 2 + 5pr + s(2p + r)) 
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) 
• (p, p + q + s)
A leapfrog fullerene when q ≡ r ≡ −s(mod 3) a = 10(6p 2 + 2q 2 + r 2 + s 2 + 6pq + 5pr + 5ps + 3qr + 2qs + 2rs) 
A leapfrog fullerene when r ≡ s ≡ 0(mod 3) a = 10(6p 2 + 4r 2 + s 2 + 10pr + 5ps + 4rs) • A leapfrog fullerene when r ≡ s ≡ 0(mod 3) • (p + r, p) A leapfrog fullerene when r ≡ 0(mod 3) 
